Adeno-associated virus (AAV) vector-mediated delivery of inhibitors of blood-retinal barrier breakdown (BRBB) offers promise for the treatment of diabetic macular edema. Here, we demonstrated a reversal of blood-retinal barrier pathology mediated by AAV type 2 (AAV2) vectors encoding vasoinhibin or soluble VEGF receptor 1 (sFlt-1) when administered intravitreally to diabetic rats. Efficacy and safety of the AAV2 vasoinhibin vector were tested by monitoring its effect on diabetes-induced changes in the retinal vascular bed and thickness, and in the electroretinogram (ERG). Also, the transduction of AAV2 vectors and expression of AAV2 receptors and co-receptors were compared between the diabetic and the non-diabetic rat retinas. AAV2 vasoinhibin or AAV2 sFlt-1 vectors were injected intravitreally before or after enhanced BRBB due to diabetes induced by streptozotocin. The BRBB was examined by the Evans blue method, the vascular bed by fluorescein angiography, expression of the AAV2 EGFP reporter vector by confocal microscopy, and the AAV2 genome, expression of transgenes, receptors, and co-receptors by quantitative PCR. AAV2 vasoinhibin and sFlt-1 vectors inhibited the diabetes-mediated increase in BRBB when injected after, but not before, diabetes was induced. The AAV2 vasoinhibin vector decreased retinal microvascular abnormalities and the diabetes-induced reduction of the B-wave of the ERG, but it had no effect in non-diabetic controls. Also, retinal thickness was not altered by diabetes or by the AAV2 vasoinhibin vector. The AAV2 genome, vasoinhibin and sFlt-1 transgenes, and EGFP levels were higher in the retinas from diabetic rats and were associated with an elevated expression of AAV2 receptors (syndecan, glypican, and perlecan) and co-receptors (fibroblast growth factor receptor 1, αvβ5 integrin, and hepatocyte growth factor receptor). We conclude that retinal transduction and efficacy of AAV2 vectors are enhanced in diabetes, possibly due to their elevated cell entry. AAV2 vectors encoding vasoinhibin and sFlt-1 may be desirable gene therapeutics to target diabetic retinopathy and macular edema.
Blood-retinal barrier breakdown (BRBB) occurs in diabetic macular edema (DME), a complication of diabetic retinopathy (DR) where swelling of the central retina causes visual impairment. 1 The intravitreal delivery of antiangiogenic and anti-vasopermeability factors can be an effective therapy to control DR and DME but often requires repeated treatments, which raise the risk of infection or other ocular complications. 1 By producing a more sustained therapy, viral vector-mediated gene transfer could avoid repeated intraocular administration and provide a permanent solution.
The most promising ocular gene therapy for DR is based on the intravitreal delivery of recombinant adeno-associated virus (AAV) vectors. They are generally safe, and the best characterized type 2 serotype (AAV2) produces long-term transgene expression in retinal ganglion cells after intravitreal delivery. 2 AAV2 vectors encoding inhibitors of vasopermeability such as soluble VEGF receptor 1 (sFlt-1), 3 vasoinhibin, 3 angiostatin, 4 and angiotensin-(1-7) 5 reduce retinal vascular leakage in diabetic rats after intravitreal injection. In these studies the vectors were supplied before, not after, inducing diabetes. However, testing the efficacy of gene therapeutics after diabetes is well-established seems more medically relevant than developing prophylactic strategies. Recent studies have also emphasized the risk of systemic vector dissemination and immune activation following high doses of intravitreally delivered vectors, 2 so enhancing transduction efficiency is a primary goal.
In this study, we evaluated the inhibitory effect of AAV2 vectors encoding vasoinhibins and sFlt-1 on diabetes-induced BRBB when injected after BRBB is well-established. We found that the AAV2 vectors reverse BRB pathology and protect against retinal microvascular abnormalities and electrophysiological dysfunction; moreover, their retinal transduction is enhanced in the diabetic state by mechanisms that may include the upregulation of AAV2 primary receptors and co-receptors.
MATERIALS AND METHODS
Production of AAV2 Vectors cDNAs encoding vasoinhibins (codons 1-142 of human prolactin), sFlt-1, and enhanced green fluorescent protein (EGFP) were obtained and cloned into AAV2 vectors downstream of a cytomegalovirus (CMV) immediate early promoter as previously described. 3 AAV2 preparations were produced using a three-plasmid cotransfection system and purified by polyethylene glycol precipitation and cesium chloride density gradient fractionation using a previously described method. 6 The purified vectors were formulated in 10 mM Tris-HCl and 180 mM NaCl (pH 7.4) and stored at − 70°C before use. Quantification of vectors was done by real-time PCR using linearized plasmid standards. The titers of the vector preparations were 1.4 × 10 12 vector genomes (vg) per ml for AAV2 vasoinhibin and AAV2 sFlt-1, and 1.4 × 10 13 vg per ml for AAV2 EGFP. Two microliters of vector or vehicle was injected into the vitreous.
Animals
Male Wistar rats (250 to 300 g) were cared for in accordance with the US National Research Council's Guide for the Care and Use of Laboratory Animals (8th edn, National Academy Press, Washington, DC, USA). The Bioethics Committee of the Institute of Neurobiology of the National University of Mexico (UNAM) approved all animal experiments.
Groups without gene therapy Animals were injected with a single intraperitoneal (i.p.) dose of streptozotocin (STZ; 60 mg/kg in 10 mM citrate buffer, pH 4.5) (Sigma-Aldrich, St Louis, MO) or vehicle after overnight fasting. Rats with a blood glucose concentration ≥ 250 mg/dl at 48 h were considered diabetic. Two, 4, and 6 weeks after STZ, rats were anesthetized with 70% ketamine and 30% xylazine (1 μl/g body weight, i.p.), and the BRBB was examined by the Evans blue method.
Groups with gene therapy after diabetes Animals were injected with STZ or vehicle following the above procedures; 2 weeks later the diabetic and non-diabetic rats were anesthetized, and AAV2 vector (2.8 × 10 9 vg per eye) or vehicle was injected into the vitreous as previously described. 7 Four weeks after vector administration, some of the animals were anesthetized as above, and the BRBB was examined by the Evans blue method; other animals were subjected to fluorescein angiography, or to electroretinogram (ERG) examination and killed by decapitation to analyze retinal thickness. In addition, other rats were exposed to a CO 2 -saturated inhalation chamber and killed by decapitation; their retinas were analyzed by quantitative PCR (qPCR) or flat-mounted for confocal microscopy evaluation.
Groups with gene therapy before diabetes Animals were injected intravitreally with AAV2 vector (2.8 × 10 9 vg per eye) or vehicle, and 4 weeks later diabetes was induced with STZ. Four weeks post-STZ, retinas were evaluated by the Evans blue method.
In other experiments, retinas from non-diabetic and six-week diabetic rats were processed for qPCR, immunohistochemistry, or dissected, weighed, and homogenized in 150 μl lysis buffer (0.5% Igepal, 0.1% SDS, 50 mM Tris, 150 mM NaCl, 1μg/ml aprotinin, and 100 μg/ml PMSF, pH 7.4). Retinal homogenates were centrifuged (13 000 r.p.m. for 5 min), and the protein in the supernatant was evaluated by the Bradford method. 8 
Evans Blue Method
The BRBB was evaluated by the Evans blue method, as previously reported. 9 Briefly, anesthetized rats were injected (intrajugularly) with the Evans blue tracer (45 mg/kg, SigmaAldrich). Two hours later, 1 ml of blood was drawn from the heart to measure the Evans blue concentration in plasma, and the rats were perfused for 2 min via the left ventricle with PBS (pH 3.5 at 37°C) at a pressure that allowed a flow rate of 70 ml/min before insertion of catheter and start of perfusion. The retina was dissected and vacuum-dried (SPD 1010 SpeedVac System, ThermoSavant, USA) for 5 h. After weighing the tissue, the Evans blue tracer was extracted by incubating each retina in 100 μl formamide (Mallinckrodt Baker, Phillipsburg, NJ) for 18 h at 72°C. The extract was centrifuged at 300 000 g for 60 min at 4°C. Absorbance was measured in the supernatant at 620 nm using the NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE). The tracer concentration in the extracts was calculated from a standard curve of Evans blue in formamide and normalized to the retina and body weight and to the Evans blue concentration in plasma.
Fluorescein Angiography
Anesthetized rats were injected intrajugularly with 100 mg/kg of fluorescein isothiocyanate-labeled dextran (50 mg/ml, FITC-dextran: MW 2 × 10 6 Da; Sigma-Aldrich). One hour later, the rats were killed, and their retinas were flat-mounted, fixed for 4 h in freshly prepared 4% paraformaldehyde in 0.1 M PBS at room temperature, washed with PBS, mounted on glass slides with Vectashield (Vector Laboratories (Burlingame, CA), and coverslipped. Retinal flat-mounts were observed and digitalized with a × 4 objective under a fluorescence microscope (Olympus BX60 with a DP70 Olympus camera). Images were tiled to create a picture of the entire retina. The density of the capillary network was analyzed using the AngioTool image analysis sofware 10 having fixed settings for vessel diameter (1-5) and intensity (15) (16) (17) (18) (19) (20) (21) (22) .
Electroretinogram
Rats were anesthetized after dark adaptation overnight, and pupils were fully dilated with a 0.5% tropicamide and 0.5% phenylephrin solution. Flash ERG responses were recorded from both eyes by a silver chloride ring electrode placed on the cornea. Two reference electrodes were positioned subcutaneously near the eyes. The light stimulation included a 1-ms flash with an intensity of 0.9 log cd.s/m 2 (PS33 Plus PhotoStimulator, GRASS Technologies, Warwick, RI). The bandpass was set at 3 Hz to 0.3 kHz (P511AC Amplifier, GRASS Technologies). Sixteen responses were averaged. The A-wave amplitude was measured from baseline to the trough of the A-wave, and the B-wave amplitude from the trough of the A-wave to the peak of the B-wave.
Retinal Thickness
Eyes fixed in 4% paraformaldehyde for 24 h at room temperature were then dehydrated and embedded in paraffin. Orientation of the serial sections (8 μm) was assured by controlling that the cuttings passed through the optic nerve head and the cutting marker. Sections were stained with hematoxilin and eosin, and the total thickness of the retina and of both the inner and outer nuclear layers were measured at × 20 magnification using the ScanScope Digital Scanner and the Image Scope software (Aperio Technologies, Vista, CA). Images were taken at equivalent retinal eccentricities from the optic nerve head, and three measurements were taken on each retina within 1 mm of the optic nerve.
Quantitative PCR AAV transgene expression Total RNA was isolated from frozen retinas using TRIzol reagent (Life Technologies, Carlsbad, CA), and cDNA was synthesized with the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Warrington, UK). PCR products were separated on a 1.2% agarose gel and visualized using ethidium bromide, or detected and quantified with Maxima SYBR Green/ROX qPCR Master Mix (Thermo Scientific, Auburn, AL) in a 10-μl final reaction volume containing template and 0.5 mM of each of the following primer pairs for human vasoinhibin: 5′-CTGCCCGATGC CAGGTGA-3′ (sense) and 5′-GAAAGTCTTTTTGATTC ATCTGT-3′ (antisense); human sFlt-1: 5′-GACCTGGAGT TACCCTGATGA-3′ (sense) and 5′-ATGGTCCACTCCTTAC ACGAC-3′ (antisense); glypican 1: 5′-TGGCGCCTACGGTG GAAATGATGT-3′ (sense) and 5′-GAGTGGCGGCCGAGG TCTTCTGTC-3′ (antisense); syndecan 4: 5′-GAACCATGG CGCCTGTCTGC-3′ (sense) and 5′-CCTGGGCTCCTCCGT GTCATCT-3′ (antisense); perlecan 1: 5′-CTGCCACCTGA CAGTCGC-3′ (sense) and 5′-GCTCTGGCACCTGCAG-3′ (antisense); hepatocyte growth factor receptor c-Met (hgfr c-Met): 5′-TCGTTCCTTGGGATTATTGC-3′ (sense) and 5′-TGTTTTGTTTTGGCACAGGA-3′ (antisense); αvβ5 integrin: 5′-CACCTGAATGAAGCCAATGA-3′(sense) and 5′-TCCATGCAAAATCTCCACAG-3′ (antisense); fibroblast growth factor receptor 1 (fgfr 1): 5′-CAACACCAAACCAA ACCGTA-3′ (sense) and 5′-GTTTTTCAACCAGCGCAAAG -3′ (antisense) and hypoxanthine-guanine phosphoribosyltransferase (hprt): 5′-GACCGGTTCTGTCATGTCG-3′ (sense) and 5′-ACCTGGTTCATCATCACTAATCAC-3′ (antisense). The amplification conditions were 10 s at 95°C, 30 s at each primer pair-specific annealing temperature, and 30 s at 72°C for 40 cycles. The PCR data were analyzed by the 2-ΔΔCT method, and cycle thresholds were normalized to the housekeeping gene hprt to calculate mRNA expression levels.
AAV genome copy number
Total genomic DNA was isolated from frozen, AAV2-injected control and diabetic rat retinas. A 100-ng sample of genomic DNA was tested for the presence of AAV2 DNA by qPCR using primers binding to the CMV promoter. qPCR for the 28S ribosomal DNA was used as loading control for normalization purposes. PCR products were detected and quantified with Maxima SYBR Green /ROX qPCR Master Mix using the following primer pairs for CMV: 5′-TGCC CAGTACATGACCTTAT-3′ (sense) and 5′-AATGGGGCGG AGTTGTTAC-3′ (antisense); and rat 28S ribosomal DNA: 5′-CAGTACGAATACAGACCG-3′ (sense) and 5′-GGCAAC AACACATCATCAG-3′ (antisense). The amplification conditions for the CMV were 30 s at 94°C, 30 s at 60.5°C, and 30 s at 72°C for 40 cycles, whereas for 28S ribosomal DNA the annealing temperature was 56.5°C. For absolute quantification, standard curves for the two plasmids were performed using concentrations ranging from 10 7 -10 molecules per μl as determined by spectrophotometry.
Histological Evaluation of EGFP
Eyes, without the lens, were fixed in 4% paraformaldehyde for 30 min at room temperature and washed with PBS. The entire retinas were carefully dissected from the eyecups, flatmounted on glass slides by making four radial cuts from the edges to the equator, and coverslipped with mounting media (Vectashield) to directly detect EGFP fluorescence by confocal microscopy (LSM 780, Carl Zeiss MicroImaging GmbH, Göttingen, Germany). An observer blind to the experiment captured and evaluated serial optical z-sections from three different areas throughout the retinal ganglion cell layer neighboring the optic nerve. EGFP fluorescence per area AAV2 vectors reverse diabetic retinal alterations N Díaz-Lezama et al was quantified using the Pro-Plus image analysis software (Media Cybernetics, Silver Spring, MD).
Immunohistochemistry for FGFR1
Eyes were fixed in 4% paraformaldehyde for 4 h at room temperature and then cryo-protected with 15% sucrose for 1 day. Subsequently, eyes were frozen in optimal cutting temperature (OCT) compound (Tissue-Tek; Sakura Finetech Torrance, CA), and 12-μm-thick cryostat sections were mounted on gelatin-coated slides. Sections were washed with PBS to remove OCT, blocked with PBS containing 3% bovine serum albumin, 5% normal goat serum, and 0.1% Triton X-100 for 2 h at room temperature, and immunostained overnight at 4°C with a 1:50 dilution of the anti-FGFR1 monoclonal antibody (ab823 from Abcam PLC, Cambridge, UK). After incubation, samples were washed three times with PBS for 15 min, labeled for 4 h with a 1:500 dilution of Alexa Fluor 488 goat anti-mouse secondary antibody (Invitrogen, Thermo Fisher Scientific, Waltham, MA), washed three times with PBS, coverslipped using DAPI Vectashield, and imaged by confocal microscopy.
Statistical Analysis
The statistical analyses were performed using the Sigma Stat 7.0 software (Systat Software, San Jose, CA). Statistical differences between two and more than three groups were determined by the unpaired two-tailed Student's t-test and one-way ANOVA followed by Bonferroni's or Tukey's post hoc comparison tests, respectively. The threshold for significance was set at Po0.05.
RESULTS

Verification of Vasoinhibin and sFlt-1 Transgene Expression in the Retina
Total retinal RNA from eyes injected with vehicle or with each one of the AAV2 vectors was treated with DNase to eliminate genomic DNA contamination. Amplification of DNasetreated RNA without reverse transcriptase generated no products for vasoinhibin or sFlt-1 (not shown). No human vasoinhibin or human sFlt-1 transcript was present in normal, vehicle-injected eyes (Figure 1a) , confirming that the primers do not amplify endogenous vasoinhibin or sFlt-1 in the rat. Products of the expected size for human vasoinhibin and sFlt-1 were amplified in normal retinas 4 and 8 weeks after being transduced with the respective vectors (Figure 1a) , and the expression of both transgenes was significantly higher at 8 weeks post transduction (Figure 1b) .
The AAV2 Vasoinhibin and AAV2 sFlt-1 Vectors Reverse Diabetes-Induced Blood-Retinal Barrier Pathology Table 1 shows the body weight and blood glucose levels for diabetic rats and their matched non-diabetic controls. Diabetic rats showed a reduced weight from 4 to 8 weeks post-STZ treatment, and their blood glucose levels were significantly higher compared with non-diabetic controls at all times. The STZ rat model of diabetes mimics some of the early changes of human DR, including BRBB. When evaluated using the retinal accumulation of Evans blue or other plasma tracers, BRBB was reported as early as 5 days and up to 10 weeks post-STZ treatment. 3, 4, 9, [11] [12] [13] [14] Here, we confirmed the early and sustained damage of the BRB in this diabetes model by showing that a significant increase in the retinal accumulation of Evans blue-stained albumin occurs at 2 weeks 9 vg of the AAV2 vasoinhibin vector or the AAV2 sFlt-1 vector was injected intravitreally into non-diabetic or diabetic rats 2 weeks after treatment with STZ, and the BRBB was quantified 4 weeks after vector administration by the retinal accumulation of Evans blue. As expected, diabetes induced a significant increase in tracer accumulation in vehicle-injected rats (Figure 2b ). Treatment with either the AAV2 vasoinhibin vector or the AAV2 sFlt-1 vector reversed the diabetes-induced increase in BRBB. Evans blue accumulation was significantly lower in the diabetic rat retinas transduced with the AAV2 vasoinhibin vector or the AAV2 sFlt-1 vector than in vehicle-injected diabetic rat retinas (Figure 2b) . Moreover, diabetic rat retinas transduced with either one of these two vectors showed a level of Evans blue leakage similar to that in vehicle-injected, non-diabetic rats (Figure 2b ). The reversal effect is specific to the vasoinhibin and the sFlt-1 transgenes, because the AAV2 EGFP vector had no effect, and none of the vectors modified Evans blue-stained albumin accumulation in non-diabetic rats (Figure 2b ). These findings support the therapeutic potential of the AAV2 vasoinhibin and sFlt-1 vectors.
The Figure 2b ). Figure 3a shows representative images of the retinal vasculature of non-diabetic and diabetic rats obtained by fluorescein angiography. Consistent with previous findings using this technique, 15, 16 the retinas of STZ-treated rats showed an intact vascular bed. However, the intensity of the fluorescein signal within the capillary vessels (arrow heads) was reduced in the vehicle-injected diabetic rat compared with the vehicle-injected non-diabetic control (Figure 3a) . The fainter capillary vessels in the diabetic condition allowed better visualization of the short vertical capillary segments (indicated by arrows) connecting the superficial and the deep microvascular layers of the inner retina. 17 Accordingly, the microvessel fluorescein signal per area was significantly reduced in the diabetic rat compared with the non-diabetic control injected with vehicle ( Figure 3b) . No significant differences were observed in non-diabetic and diabetic rats injected with the AAV2 vasoinhibin vector with respect to the vehicle-injected non-diabetic control.
Next, we used the ERG to evaluate the functional status of the retina. Figure 4a shows representative ERG recordings under scotopic conditions of non-diabetic and diabetic rats injected with vehicle or with the AAV2 vasoinhibin vector. Quantitative analysis showed that the amplitude of the A-wave was similar among all groups (Figure 4b) . However, the amplitude of the B-wave decreased significantly in vehicle-injected diabetic rats compared with the vehicleinjected non-diabetic controls (Figure 4c ). The reduction of the B-wave was not statistically significant in diabetic rats treated with the AAV2 vasoinhibin vector, and this vector did not modify the B-wave amplitude of non-injected diabetic animals.
Finally, morphological examination of hematoxylin and eosin-stained retinal paraffin sections showed no difference in the thickness of the total retina, the inner nuclear layer, or the outer nuclear layer among groups ( Figure  4d and e). 
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Diabetes Enhances the Efficacy, Transgene Expression, and Transduction of AAV2 Vectors in the Retina
The protection against BRBB was reduced or absent when either vector were injected prior to inducing diabetes ( Figure 5 ). In this experiment, vectors were injected intravitreally 4 weeks before inducing diabetes, and BRBB was evaluated 4 weeks thereafter. The increase in BRBB due to diabetes was no longer significant in retinas transduced with the AAV2 vasoinhibin vector, suggesting that vasoinhibins may have a small protective effect. However, the AAV2 sFlt-1 vector did not inhibit diabetes-induced BRBB, and the level of tracer in the vasoinhibin and the sFlt-1-transduced retinas was similar to that observed in the diabetic, vehicle-injected control ( Figure 5 ). Differences in the experimental design between the beforeand after-diabetes groups do not interfere with the proper evaluation of vector efficacy. The dissimilar times (6 and 4 weeks) following STZ injection result in BRBB of similar magnitudes (Figure 2a) . Also, the shorter time post-AAV2 delivery (4 vs 8 weeks) in the after-diabetes group resulted in higher vector efficacy (Figure 2c ) even though transgene expression increases over time (Figure 1b) . These findings suggest that the diabetic state enhances the efficacy of AAV2 vasoinhibin and AAV2 sFlt-1 vectors to reduce blood-retinal barrier leakage.
To investigate whether increased AAV2 vector efficacy could be due to enhanced transgene expression in the retina of diabetic rats, we compared the expression levels of the vasoinhibin and sFlt-1 mRNAs encoded by the AAV2 vectors, 4 weeks after they had been injected intravitreally into nondiabetic and diabetic rats (Figure 6a ). qPCR showed that the retinal expression of the vasoinhibin and sFlt-1 transgenes 
AAV2 vectors reverse diabetic retinal alterations
N Díaz-Lezama et al was nearly fourfold greater in the retinas from diabetic rats than from the non-diabetic controls (Figure 6b ). Transgene expression was further investigated by using an AAV2 EGFP reporter vector. The AAV2 EGFP vector was injected intravitreally into non-diabetic rats or into diabetic rats 2 weeks after treatment with STZ, and the levels of EGFP were evaluated by direct fluorescence on flat-mounted retinas 4 weeks after vector delivery. Scattered positive cells and cell fibers were visualized throughout the ganglion cell layer of retinas from non-diabetic rats (Figure 6c ). In the diabetic rat retina there was a fivefold enhancement of EGFP fluorescence associated with both somas and projections, and many of the latter corresponded to fibers that make up the optic nerve (Figure 6c ). To investigate whether increased transgene expression involved an enhanced transduction of AAV2 vectors in the retina, we quantified the viral genome copy number by qPCR at 4 weeks after vectors had been injected intravitreally in non-diabetic and diabetic rats (Figure 6d ). The AAV2 genome levels increased significantly in the retina of diabetic rats compared with the non-diabetic controls.
The Expression of Primary Receptors and Co-Receptors of AAV2 Is Elevated in the Retinas from Diabetic Rats
Transduction efficiency is influenced by receptor-and co-receptor-mediated AAV2 attachment. 18 To investigate whether a different abundance of AAV2 receptors and co-receptors between the normal and diabetic rat retina might account for the greater recruitment of viral particles in the diabetic state, we evaluated the mRNA levels of AAV2 primary receptors (glypican, syndecan, and perlecan) 20 and co-receptors (FGFR1, 21 ανβ5 integrin, 22 and HGFR 23 ) by qPCR in retinas from non-diabetic and 4-week diabetic rats. The expression of all three primary receptors (Figure 7a ) and all three co-receptors (Figure 7b ) was significantly enhanced in the diabetic rat retina compared with non-diabetic controls. Consistent with these findings, FGFR1 immunoreactivity was faint and diffuse in the photoreceptors outer segments of the retina of non-diabetic rats, whereas it increased dramatically throughout the retina of diabetic rats (Figure 7c ). Anti-FGFR1 staining was intense throughout the inner retina (inner nuclear layer, inner plexiform layer, and ganglion cell layer), and less intense and discrete in the outer retina (outer nuclear layer and outer segments) and choroid of diabetic rats. Omission of the primary antibody resulted in no labeling (not shown). Enhanced expression of AAV2 receptors and co-receptors does not reflect a general increase in protein synthesis, since total protein levels were similar in the retinas from diabetic and non-diabetic rats (Figure 7d ).
DISCUSSION
Increased transport through the BRB occurs in DR and DME and is responsible for much of the vision loss due to diabetes. 1 By producing a sustained expression of antiangiogenic molecules, the AAV vectors eliminate the risks associated with repeated intraocular pharmacotherapy and offer considerable promise for the treatment of DR and DME. Here, we show that diabetes-induced BRB pathology is reversed by the intravitreal delivery of AAV2 vectors encoding the antiangiogenic and anti-vasopermeability factors sFlt-1 and vasoinhibin, and that the AAV2 vasoinhibin vector is a safe procedure for reducing retinal microvessel abnormalities and electrophysiological dysfunction due to diabetes. Moreover, we found that the diabetic state substantially enhances the retinal transduction, transgene expression, and efficacy of AAV2 vectors.
VEGF is a major promoter of BRBB in DR and DME. The levels of VEGF increase in the vitreous of patients with DR and DME 24, 25 and the clinical use of anti-VEGF molecules improves DME. 26, 27 One such anti-VEGF agent is sFlt-1, which corresponds to the secreted extracellular domain of VEGF receptor 1 and blocks VEGF action by sequestering VEGF. 28 Vasoinhibins comprise a family of peptides that are generated by the specific proteolytic cleavage of prolactin and they exert potent antiangiogenic and anti-vasopermeability effects. 29 Vasoinhibins are found in the retina, 7 and their systemic concentration is reduced in patients with DR. 30 Figure 5 The AAV2 vasoinhibin and AAV2 sFlt-1 vectors fail to reduce diabetes-induced blood-retinal barrier pathology when injected prior to inducing diabetes. Pre-diabetes design diagram: vehicle (Veh), or AAV2 Vi, or AAV2 sFlt-1 vectors were injected intravitreally in non-diabetic rats (ND) or into rats (D) 4 weeks before treatment with STZ, and the retinal permeation of Evans blue-stained albumin was evaluated 8 weeks after vector administration. Values represent mean ± s.e.m. Numbers inside bars indicate the number of retinas evaluated. AAV2, adeno-associated virus type 2; STZ, streptozotocin.
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Vasoinhibins inhibit ischemia-induced retinal angiogenesis 31 and reduce diabetes-induced BRBB by targeting both the inner (vascular endothelial cells) and the outer (retinal pigment epithelium) components of the BRB. 32, 33 The effects of vasoinhibins 3, 32, 33 and sFlt-1 34, 35 against BRBB have been well-documented using Evans blue and a variety of other in vivo and in vitro techniques that have revealed signaling mechanisms mediating their action. For example, VEGF antagonists and vasoinhibins block calcium influx through transient receptor potential channels; they also inhibit the activation of phospholipase C gamma and phosphatidylinositol-3-kinase-Akt mechanisms, thereby leading to downstream blockage of eNOS activation and the reinforcement of junctional proteins linked to the actin cytoskeleton. 32, 33, [36] [37] [38] AAV-mediated gene transfer of sFlt-1 successfully reduces BRBB when the vector is delivered before diabetes manifests in the spontaneously diabetic Torii rat. 34 AAV2 vectors encoding sFlt-1 or vasoinhibin also reduce BRBB in rats when injected before inducing diabetes with STZ. 3 While these findings demonstrate the preventive effect of these vectors against diabetes-mediated BRBB, the important question of whether BRBB can be reversed by AAV2 vectors had not been addressed. Here, we show that the AAV2 vasoinhibin and sFlt-1 vectors restored the BRB when injected after BRB damage is fully manifest. These findings demonstrate that both vectors reverse a retinal alteration that causes visual impairment in DR and DME.
Furthermore, the AAV2 vasoinhibin vector reduced other aspects of the retinal disease occurring in STZ-treated rodents. It inhibited the reduction in fluorescein intensity within capillary vessels that may be caused by factors associated with perfusion abnormalities, such as decreased retinal blood flow, 15 subnormal retinal oxygenation, 39 and disruption of the BRB 15 (present results). Also, the amplitude of the B-wave, but not that of the A-wave of the ERG, commonly reduced in the STZ rodent model of DR, 16, 40, 41 was ameliorated by the AAV2 vasoinhibin vector. Supporting its safety, the vector did not modify the retinal vascular bed and the ERG in non-diabetic rats. Finally, we explored the thinning of the retina which, owing to the neurodegeneration of the inner retina, occurs in diabetic humans, [42] [43] [44] [45] and in some, [46] [47] [48] [49] but not all, 50 diabetic rodent studies. We confirmed that retinal thinning does not occur at 6 weeks post-STZ-treatment, 47, 49 and showed that the AAV2 vasoinhibin vector did not modify it. These observations suggest that the expression of vasoinhibins by AAV2 vectors, as reported for sFlt-1, 51,52 is a safe procedure, causing no gross Reversal of BRB damage by the AAV2 vasoinhibin and sFlt-1 vectors occurred at a dose 10 times smaller than the one used in our previous study (2.8 × 10 9 vg vs 2.8 × 10 10 vg). 3 However, using this smaller dose and the same experimental parameters of our previous report, 3 neither of the two vectors clearly prevented BRBB. The absence of effect may relate to the lower dose and/or to the smaller number of animals in our current study. Nonetheless, the vasoinhibin and the sFlt-1 vectors totally reversed the BRBB when delivered after inducing diabetes. Thus, it seemed likely that the efficacy of AAV2 vectors was being potentiated by the diabetic state.
Indeed, transgene expression is enhanced in the diabetic rat retina. The mRNA levels of the vasoinhibin and sFlt-1 transgenes were fourfold higher and the EGFP levels increased fivefold in the retinas from diabetic vs non-diabetic rats. Consistent with the reported tropism of intravitreally delivered AAV2 vectors, 53 the elevated AAV2 transgene expression occurred in the inner retina, particularly in ganglion cell somas and in their projections that make up the optic nerve. These findings suggest that the diabetic condition potentiates the action of AAV2 vectors by increasing their transduction in permissive cells. Supporting this possibility, we found that AAV2 genome levels were enhanced in the diabetic rat retina compared with the nondiabetic control. Transduction may be facilitated by a higher abundance of AAV2 receptors and co-receptors favoring cell entry.
Heparan sulfate proteoglycans (HSPG) are glycoproteins containing one or more HS chains, and structural determinants of HS interact with AAV2 capsid proteins. 54 HSPG associated with cell membranes (syndecans and glypicans) serve as primary receptors, enabling vector docking and the subsequent interactions with AAV2 co-receptors (FGFR1, αvβ5, and HGFR) required for endosomal entry. Also, HSPG associated with the extracellular matrix (perlecans) help store and concentrate AAV2, thus enabling their presentation to attachment and entry receptors. 55 We found that the mRNA levels of the core proteins in syndecan 4, glypican 1, and perlecan 1, and of all three co-receptors (FGFR1, αvβ5, and HGFR) increased in the diabetic rat retina. Furthermore, FGFR1 immunoreactivity, normally concentrated in photoreceptor cell bodies, 56 dramatically increased throughout the retina of diabetic rats, mainly in the inner retina, a localization pattern consistent with its reported presence in activated Müller cells. 57 Increased levels of HSPG and of AAV2 co-receptors are not unexpected in DR and may contribute to its progression. High glucose levels upregulate cell-associated proteoglycans in retinal pericytes 58 and promote the secretion of HS chains by endothelial cells, 59 and VEGF increases the retinal expression of the HS side chains of HSPGs. 60 Perlecan binds FGFs, 61, 62 and the intraretinal stores of immunoreactive bFGF and HSPG increase in patients with DR. 63 Of note, abnormal HSPG expression and structure can contribute to vascular leakage and to the release of pro-angiogenic factors in DR, 64 whereas bFGF, αvβ5 integrin, and HGF can signal to promote angiogenesis in DR. 65 However, contrary to what is expected from our findings using rats after 6 weeks of STZ, the mRNA levels of perlecan, the [ 35 S] sulfate incorporation into HSPG, 66 and the immunolocalization of HSPG 67 decrease in the retina of diabetic rats at 5 and 11 months after STZ treatment, respectively. These findings suggest that the synthesis of HSPG may change as diabetes progresses and emphasize the need to examine the long-term differential efficacy of AAV2 vectors.
Although the abundance of AAV2 receptors and co-receptors directly correlates with the efficacy of AAV2 vectors, [68] [69] [70] other major events can favor vector entry and transduction in diabetes. Diabetes alters the function and structure of all retinal cell types, 71 and loss of integrity and changes in retinal architecture are known to increase AAV vector transduction. Disruption of the inner limiting membrane caused by mild proteolytic digestion, 72 by structural changes of the Müller cell endfeet, 73 by laser pretreatment, 74 or by retinal degeneration 72 allow for enhanced AAV transduction of outer retinal cells after their intravitreal delivery. Moreover, nuclear uptake, capsid uncoating, and second-strand DNA synthesis following receptor binding are major rate-limiting steps in AAV transduction [75] [76] [77] [78] that need to be investigated.
In conclusion, we have demonstrated the therapeutic potential of two AAV2 vectors encoding antivasopermeability and anti-angiogenic factors in DR and DME by delivering them after BRBB is well-established. While intravitreal delivery is a safe treatment, the transduction efficiency of AAV2 vectors can fall short of requirements for adequate retinal transgene expression, 68 and higher vector doses increase the risk of systemic dissemination and immune activation. 2 Our demonstration that vector efficacy and transduction after intravitreal delivery are enhanced by the diabetic state provides a way to conquer these problems and emphasizes the advantages of the AAV2 gene transfer approach to treat DR and DME. Non-invasive techniques such as fluorescein angiography, ocular coherence tomography, and magnetic resonance imaging are used increasingly to evaluate BRBB in a wide range of species including mice and rats. 79 These techniques will help stage AAV2 therapy and follow its efficacy, additional treatment benefits, and side effects over the time period relevant for translational research.
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